Introduction
============

Polymeric nanoparticles (NPs) have attracted substantial attention in the pharmaceutical and biomedical fields, because of their high potential for controlled intracellular delivery of biomolecules and drugs.[@b1-ijn-11-3753]--[@b5-ijn-11-3753] Particularly, various types of polymer NPs that can target and deliver specific antigens for immunotherapy have been shown to provide protective immunity against cancer and infectious diseases.[@b6-ijn-11-3753]--[@b9-ijn-11-3753] As potent professional antigen-presenting cells, dendritic cells (DCs) play a major role in the production of antigen-specific cytotoxic T lymphocytes (CTLs) and in CTL-mediated cancer immunotherapy.[@b10-ijn-11-3753],[@b11-ijn-11-3753] CTLs require presentation of peptides derived from tumor-associated antigens via major histocompatibility complex (MHC) class I molecules on DCs. Therefore, delivery of exogenous tumor-associated antigens to DCs and activation of the MHC class I-presenting pathway, a process known as cross-presentation, constitute a crucial part of DC immunotherapy.[@b12-ijn-11-3753] In this regard, the intracellular delivery of antigens and induction of CTL responses through cross-presentation pathways have been realized in several NP systems, such as liposomes, polyelectrolytes, silicon particles, and poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide) (PLGA) particles.[@b13-ijn-11-3753]--[@b16-ijn-11-3753]

In this study, we propose polyethylenimine (PEI)-coated PLGA NPs as efficient antigen-delivery carriers that can induce antigen cross-presentation and a strong CTL response. PLGA is one of the most frequently used biodegradable polymers, because its use in humans has already been approved by the US Food and Drug Administration and provides long-term release of encapsulated materials in vitro and in vivo.[@b1-ijn-11-3753],[@b17-ijn-11-3753],[@b18-ijn-11-3753] However, the negatively charged surface of PLGA NPs limits their interactions with the negatively charged cell membrane and their intracellular uptake, which is the key step for antigen delivery into DCs.[@b19-ijn-11-3753] In this study, cationic-charged PEI was introduced in order to overcome this limitation and to deliver antigens effectively into DCs via the proton-sponge effect.[@b20-ijn-11-3753]--[@b25-ijn-11-3753] We chose ovalbumin (OVA) as a model antigen, which has been well characterized for estimates of cross-presentation efficiency. In our study, we explored the effects of PEI-coated PLGA NPs containing OVA on the viability and phenotype of DCs, and analyzed the capacity and mechanism of PEI-coated PLGA NPs for antigen delivery and cross-presentation in DCs.

Materials and methods
=====================

Materials
---------

PLGA (Resomer^®^ RG502H, lactic:glycolic molar ratio 50:50) was purchased from Boehringer Ingelheim (Ingelheim, Germany). PEI (branched form, molecular weight 25 kDa), chicken-egg OVA, and polyvinyl alcohol (80% hydrolyzed, molecular weight 9,000--10,000 Da) were purchased from Sigma-Aldrich (St Louis, MO, USA). Fluorescein isothiocyanate (FITC)-conjugated OVA (FITC-OVA) was acquired from Thermo Fisher Scientific (Waltham, MA, USA).

Preparation of PLGA and PEI-coated PLGA NPs
-------------------------------------------

PLGA NPs containing the OVA antigen were prepared by double-emulsion (W~1~/O/W~2~) methods. Briefly, 300 μL of aqueous solutions containing 1.8 mg of OVA and 200 μg of FITC-OVA were emulsified in 2 mL of a methylene chloride solution containing 60 mg of PLGA using a probe-type sonicator (VCX 750 Vibra-Cell™; Sonics and Materials Inc, Newton, CT, USA) at 24 W for 1 minute. The resulting primary emulsion was added to 10 mL of polyvinyl alcohol (2.5% w/w) and emulsified using a probe-type sonicator for 2 minutes. The resultant double emulsion was agitated using a magnetic stirrer at room temperature overnight until the methylene chloride evaporated completely. The PLGA NPs were collected by centrifugation (9,500×*g*, 20 minutes) at 4°C, washed three times with distilled water, freeze-dried, and stored at −20°C before use. To fabricate PEI-coated PLGA NPs, 5 mg of PEI that was dissolved in 5 mL distilled water (adjusted pH 8) was added to 5 mL of an aqueous solution containing 10 mg of PLGA NPs and mixed by stirring for 1 hour. The emulsion was washed three times with 10 mL of distilled water by centrifugation (6,500×*g*, 10 minutes) at 4°C, freeze-dried, and stored at −20°C before use. To quantify the OVA encapsulated in the PLGA NPs, 1 mg of OVA-containing NPs was dissolved in 0.1 N NaOH and 0.1% sodium dodecyl sulfate with stirring at room temperature overnight and then quantified by means of the Micro BCA™ protein-assay kit (Thermo Fisher Scientific).

Characterization of PLGA and PEI-coated PLGA NPs
------------------------------------------------

The surface morphology of NPs was characterized using field-emission scanning electron microscopy (SEM; JSM-7000F; JEOL, Tokyo, Japan). The size and size distribution of the NPs were analyzed by a dynamic light-scattering technique using an electrophoretic light-scattering photometer (ELS-Z; Otsuka Electronics, Osaka, Japan). The surface charge of the NPs was determined by ζ-potential measurements using the ELS-Z.

Mice and cell lines
-------------------

C57BL/6 mice (females, 6--8 weeks old) were purchased from Orient Bio (Seongnam, South Korea) and maintained under pathogen-free conditions. This animal study was reviewed and approved by the institutional animal care and use committee (IACUC) of Sungkyunkwan University School of Medicine (Permission No 14-38), which is an accredited facility by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International) and abides by the Institute of Laboratory Animal Resources (ILAR) guide. CD8-OVA1.3 T cells, an OVA SIINFEKL peptide-specific CD8^+^ T-cell hybridoma, were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 5×10^−5^ M 2-mercaptoethanol, 50 IU/mL penicillin, and 50 mg/mL streptomycin (Thermo Fisher Scientific).

Generation of bone marrow-derived dendritic cells from mice
-----------------------------------------------------------

Bone marrow-derived DCs (BMDCs) were isolated from the bone marrow cells of C57BL/6 (H-2^b^) mice.[@b26-ijn-11-3753] Briefly, bone marrow was collected from the tibias and femurs by flushing with RPMI 1640 using a 1 mL syringe with a 26 G needle (BD Biosciences, San Jose, CA, USA). After one wash (490×*g*, 5 minutes) in RPMI 1640 medium, the cells were incubated with 5 mL of 0.83 M NH~4~Cl buffer (Sigma-Aldrich) to lyse red blood cells at 37°C for 5 minutes. Then, cells were centrifuged twice in RPMI 1640 medium at 150×*g*. The bone marrow cells (2×10^6^ cells) were collected and cultured in 100 mm petri dishes (BD, Franklin Lakes, NJ, USA) containing 10 mL of the RPMI 1640 medium supplemented with 10% of heat-inactivated fetal bovine serum, 50 IU/mL penicillin, 50 mg/mL streptomycin, and 20 ng/mL mouse recombinant granulocyte-macrophage colony-stimulating factor (R&D Systems, Minneapolis, MN, USA). After 7 days, nonadherent and loosely adherent cells (immature DCs) were harvested, washed, and used for in vitro experiments.

Cell-viability assay
--------------------

BMDCs (5×10^4^ cells/100 μL per well) were treated with PLGA and PEI-coated PLGA NPs for 24 hours in flat-bottomed 96-well plates (Corning Incorporated, Corning, NY, USA). For the methyl tetrazolium salt (MTS) assay, the CellTiter 96 aqueous one-solution kit (Promega Corporation, Fitchburg, WI, USA) was used, following the manufacturer's protocol. Briefly, the MTS reagent was added (10 μL per well), and the plates were incubated at 37°C for 3 hours. Absorbance was determined at 490 nm on a microplate reader (VersaMax; Molecular Devices, Sunnyvale, CA, USA).

Fluorescence-activated cell-sorting analysis
--------------------------------------------

For analysis of DC surface molecules, 5×10^5^ DCs were treated with soluble OVA (20 μg/mL), PLGA NPs (20 μg/mL OVA), PEI-coated PLGA NPs (20 μg/mL OVA), or 1 μg/mL lipopolysaccharide (LPS) for 6 hours. DCs were stained at 4°C for 30 minutes using FITC-conjugated rat anti-CD54, CD80, CD86, and MHC I monoclonal antibodies (Pharmingen; BD Biosciences). After being washed with phosphate-buffered saline (PBS), the cells were analyzed using an Accuri C6 cytometer and CFlow software (BD Biosciences).

Analysis of cellular uptake
---------------------------

To determine the intracellular delivery capacity and localization of the PLGA (OVA) and PEI-coated PLGA (OVA) NPs, freeze-dried NPs were suspended in RPMI medium. Then, BMDCs were treated with NPs (20 μg/mL OVA with 10% FITC-OVA) in a μ-Slide eight-well microscopy chamber (Ibidi GmbH, Planegg, Germany) at a density of 2×10^4^ per well at 37°C for 3 hours. After removal of the culture medium by aspiration and gentle washing with PBS, the cells were fixed in 4% paraformaldehyde for 20 minutes, and stained with 2 μg/mL Hoechst 33342 (trihydrochloride, trihydrate; Thermo Fisher Scientific) in PBS for 10 minutes. Fluorescent images were obtained by using a high-resolution fluorescence microscope (DeltaVision PD; GE Healthcare, Little Chalfont, UK). To analyze the intracellular localization of the OVA antigens in BMDCs, DC lysosomes were visualized with 50 nM LysoTracker red DND-99 (Thermo Fisher Scientific) for 30 minutes at 37°C. After being washed, the cells were treated with PLGA (OVA) or PEI-coated PLGA (OVA) NPs (20 μg/mL OVA with 10% FITC-OVA) for 1 hour at 37°C. The cells were washed twice with RPMI medium and incubated without NPs for an additional 12 hours. The cells were then washed, fixed, and examined by DeltaVision PD as described earlier.

For fluorescence-activated cell-sorting analysis, BMDCs (10^6^ cells/well) were treated with approximately 0.125--0.5 mg/mL NPs (5--20 μg/mL OVA) in six-well plates for 3 hours at 37°C. After being washed with PBS, the cells were analyzed using the Accuri C6 cytometer and CFlow software. The effect of phagocytosis inhibition on NP uptake by the BMDCs was measured with cytochalasin D pretreatment. The cells were pretreated with cytochalasin D (20--40 μM; Sigma-Aldrich) at 37°C for 30 minutes and washed with the culture medium, followed by addition of PEI-coated PLGA (OVA) NPs (20 μg/mL OVA with 10% FITC-OVA). The cells were then incubated at 37°C for 1 hour. After cells had been washed, their fluorescence was measured by fluorescence-activated cell-sorting analysis, as described earlier.

Cross-presentation analysis
---------------------------

For cross-presentation analysis, BMDCs were treated with soluble OVA (20 μg/mL) or PEI-coated PLGA (OVA) NPs (20 μg/mL OVA) for 6 hours at 37°C. Next, the BMDCs were collected and washed twice in PBS and stained with PEI-conjugated antimouse H-2K^b^ bound to OVA~257--264~ peptide (SIINFEKL, clone 25-D1.16; eBioscience, San Diego, CA, USA). Fluorescence was measured by the Accuri C6 cytometer and CFlow software. For the cytokine assay, BMDCs (10^5^ cells/well) were seeded in a 96-well round-bottomed plate and cultured for 12 hours at 37°C. Each well was washed twice, and then the cells were pulsed with soluble OVA (20 μg/mL), PLGA (OVA), and PEI-coated PLGA (OVA) NPs (20 μg/mL OVA), or 5 μg/mL OVA~257--264~ MHC class I epitope peptide (InvivoGen, San Diego, CA, USA) for 6 hours. Next, the cells were washed twice and fixed with 0.05% glutaraldehyde (Sigma-Aldrich) for 20 minutes. The cells were then washed and cocultured with 10^5^ CD8-OVA1.3 T cells for 18 hours at 37°C. The response of stimulated CD8-OVA1.3 T cells was assessed by determining the amount of IL-2 released into the culture by an enzyme-linked immunosorbent assay (ELISA) using OptEIA ELISA kits (BD Biosciences) according to the manufacturer's instructions. Cytokine concentrations were quantified using the VersaMax microplate reader. For the inhibition assay, BMDCs were pretreated with 10 μM MG-132 (Sigma-Aldrich) and 40 μM leupeptin (Sigma-Aldrich) for 1 hour at 37°C before antigen pulsing.

Statistics
----------

Differences between groups were analyzed by Student's *t*-test using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA, USA). Differences with *P*-values \<0.05 and \<0.01 were regarded as significant and highly significant, respectively.

Results and discussion
======================

Characterization of PEI-coated PLGA NPs
---------------------------------------

In this study, we tested whether surface-modified PLGA NPs can act as antigen-delivery carriers that improve antigen presentation to CD8^+^ T cells via the MHC class I pathway. PLGA NPs containing the model antigen, OVA, were synthesized using the double-emulsion technique, and their surface charge was modified by coating with PEI ([Figure 1](#f1-ijn-11-3753){ref-type="fig"}). The microscopic morphology of PEI-coated PLGA NPs was examined by SEM. On SEM images, we could see that the spherical type of PLGA NPs and PEI-coated PLGA NPs were successfully fabricated ([Figure 2](#f2-ijn-11-3753){ref-type="fig"}). The size of PLGA NPs and PEI-coated PLGA NPs was found to be in the range 150--250 nm (diameter 173±67.3 and 208.8±66.8 nm, respectively \[mean ± standard deviation\]; [Table 1](#t1-ijn-11-3753){ref-type="table"}). By ζ-potential analysis, we confirmed that the negative surface charge of PLGA NPs (−27.2±1.9 mV) was switched to positive values in the case of PEI-coated PLGA NPs (25.6±1.2 mV). These empirical results suggested that PLGA NPs were successfully coated with PEI ([Table 1](#t1-ijn-11-3753){ref-type="table"}). The amount of OVA protein encapsulated in each PLGA NP was then determined. This protein was encapsulated in PEI-coated PLGA NPs at 32.6±3.7 μg/mg of NPs ([Table 1](#t1-ijn-11-3753){ref-type="table"}). In fact, no significant changes in the encapsulation amount (*P*\>0.1) were observed in comparison with PLGA NPs (41.3±5 μg/mg, [Table 1](#t1-ijn-11-3753){ref-type="table"}).

Effects of PEI-coated PLGA NPs on DC viability and maturation
-------------------------------------------------------------

In general, it is important to evaluate safety and toxicity of NPs on target cells before using the NPs in a functional study. Here, we examined the possible effects of PEI-coated PLGA NPs on DC viability and maturation. To evaluate the possible adverse effects of the PEI-coated PLGA NPs on the survival rate of cells, DCs were treated with different concentrations of PEI-coated PLGA NPs for 24 hours. As shown in [Figure 3A](#f3-ijn-11-3753){ref-type="fig"}, the cytotoxicity of PEI-coated PLGA NPs was nearly identical to that of PLGA NPs, which are generally considered safe and have been approved as drug carriers. These empirical results suggested that the cytotoxicity of the PEI-coated PLGA NPs was negligible, even though the NPs had a positive charge. To determine the effects of PEI-coated PLGA NPs on DC maturation, we assessed the relative expression level of maturation markers (CD54, CD80, CD86, and MHC I) on immature DCs treated with PEI-coated PLGA (OVA) NPs (20 μg/mL OVA), and LPS (1 μg/mL) for 6 hours. As shown in [Figure 3B](#f3-ijn-11-3753){ref-type="fig"}, these surface markers were expressed at similar levels in DCs treated or not treated with NPs compared with DCs stimulated with LPS ([Figures 3B](#f3-ijn-11-3753){ref-type="fig"} and [S1](#SD1-ijn-11-3753){ref-type="supplementary-material"}). These results suggested that the uptake of PEI-coated PLGA (OVA) NPs (containing 20 μg/mL OVA) by DCs did not induce DC maturation, but enhanced antigen delivery.

Uptake of PEI-coated PLGA NPs by DCs in vitro
---------------------------------------------

In order to evaluate the cellular uptake of PEI-coated PLGA NPs by DCs, BMDCs were treated with soluble OVA (20 μg/mL with 10% FITC-OVA), PLGA NPs, or PEI-coated PLGA NPs (20 μg/mL OVA with 10% FITC-OVA) for 3 hours. As shown in fluorescence-microscopy images, OVA protein (FITC-OVA, green fluorescence) was internalized more efficiently in DCs treated with PEI-coated PLGA (OVA) NPs compared with DCs treated with PLGA (OVA) NPs ([Figure 4A](#f4-ijn-11-3753){ref-type="fig"}). To further evaluate the efficiency of the uptake, DCs were treated with different concentrations of NPs (5--20 μg/mL OVA with 10% FITC-OVA) for 1 hour, and fluorescence intensity of the cells was analyzed by flow cytometry. As shown in [Figure 4B](#f4-ijn-11-3753){ref-type="fig"}, a significant dose-dependent increase in fluorescence intensity was observed in all experimental groups (5--20 μg/mL of OVA). PEI-coated PLGA (OVA) NPs were taken up much more efficiently by DCs at the same concentration ([Figure 4B](#f4-ijn-11-3753){ref-type="fig"}). These results revealed that PEI-coated PLGA (OVA) NPs delivered the OVA antigen into the DCs efficiently. To determine the uptake mechanism of DCs, we performed phagocytosis-inhibition studies. Phagocytosis can be blocked by cytochalasin D due to the destruction of the actin cytoskeleton, which can have a strong impact on the transport of NPs into the cells.[@b27-ijn-11-3753] DCs were pretreated with the phagocytosis/macropinocytosis inhibitor cytochalasin D for 30 minutes, followed by incubation with PEI-coated PLGA (OVA) NPs for 1 hour, and were assessed by flow cytometry. The cell entry of PEI-coated PLGA (OVA) NPs (20 μg/mL OVA with 10% FITC-OVA) was clearly inhibited by cytochalasin D ([Figures 4C](#f4-ijn-11-3753){ref-type="fig"} and [S2](#SD2-ijn-11-3753){ref-type="supplementary-material"}). These results suggested that phagocytosis or macropinocytosis was one of the main endocytic mechanisms for the intracellular delivery of PEI-coated PLGA (OVA) NPs into DCs.

Localization of antigen-loaded PEI-coated PLGA NPs
--------------------------------------------------

The efficient endosomal escape of an exogenous antigen after entering a cell is essential for antigen cross-presentation.[@b12-ijn-11-3753] We assessed the subcellular trafficking and localization of OVA in DCs using fluorescence microscopy. DCs were treated with PLGA (OVA) NPs or PEI-coated PLGA (OVA) NPs (loaded with 20 μg/mL OVA) for 1 hour, followed by extensive washing, incubation without NPs for an additional 12 hours, and the lysosomes being stained with a lysosome-specific dye. As shown in [Figure 5](#f5-ijn-11-3753){ref-type="fig"}, OVA was internalized in endosomes/lysosomes under the influence of PLGA (OVA) NPs. The colocalization (yellow) of red and green fluorescence indicated that the OVA loaded in PLGA (OVA) NPs ended up in endosomes/lysosomes ([Figures 5](#f5-ijn-11-3753){ref-type="fig"} and [S3](#SD3-ijn-11-3753){ref-type="supplementary-material"}, upper panel). In contrast, green and red fluorescence were separated significantly when the cells were treated with PEI-coated PLGA (OVA) NPs ([Figures 5](#f5-ijn-11-3753){ref-type="fig"} and [S3](#SD3-ijn-11-3753){ref-type="supplementary-material"}, lower panel). The results suggested that PEI-coated PLGA (OVA) NPs can enter the cells, escape from endosomes/lysosomes, and finally deliver OVA to the cytoplasm.

Cross-presentation of antigen-loaded PEI-coated PLGA NPs by DCs
---------------------------------------------------------------

We examined the ability of PEI-coated PLGA (OVA) NPs to mediate the antigen cross-presentation in DCs using flow cytometry. Because the processed OVA antigen is carried to the surface of DCs by MHC class I molecules, we quantified the processed antigen peptide as an indicator of the efficiency of antigen cross-presentation using the 25-D1.16 monoclonal antibody, which specifically recognizes the complex of the OVA~257--264~ peptide with MHC class I (SIINFEKL-H2-K^b^).[@b28-ijn-11-3753] In this experiment, a higher percentage of 25-D1.16-positive cells was found among DCs treated with PEI-coated PLGA (OVA) NPs (2.1%) than among DCs treated with PLGA (OVA) NPs (0.9%) or soluble OVA (0.4%) ([Figures 6A](#f6-ijn-11-3753){ref-type="fig"} and [S4](#SD4-ijn-11-3753){ref-type="supplementary-material"}). We next studied the effect of OVA-specific CD8^+^ T-cell priming to confirm the cross-presentation. As shown in [Figure 6B](#f6-ijn-11-3753){ref-type="fig"}, the DCs treated with PEI-coated PLGA (OVA) NPs (20 μg/mL OVA) induced a release of IL-2 cytokine from OVA-specific CD8-OVA1.3 T cells more efficiently than DCs treated with PLGA (OVA) NPs or soluble OVA (20 μg/mL).

To identify the pathway of cross-presentation induced by PEI-coated PLGA (OVA) NPs, we used inhibitors of cytoplasmic protea somes and lysosomal proteases, which are related to the antigen-processing pathway for MHC class I antigen presentation. DCs were pretreated with 10 μM MG-132 (cytoplasmic proteasome inhibitor) or 40 μM leupeptin (lysosomal protease inhibitor) for 1 hour before the addition of PEI-coated PLGA (OVA) NPs or OVA peptide (SIINFEKL, 5 μg/mL), and the OVA-specific CD8^+^ T-cell response was measured. The CD8^+^ T-cell response induced by PEI-coated PLGA (OVA) NP treatment was strongly suppressed by the proteasome inhibitor (*P*\<0.01; [Figure 6C](#f6-ijn-11-3753){ref-type="fig"}, left graph) and lysosomal protease inhibitor (*P*\<0.05; [Figure 6C](#f6-ijn-11-3753){ref-type="fig"}, right graph). In contrast, the response induced by OVA peptide was not inhibited by all inhibitors ([Figure 6C](#f6-ijn-11-3753){ref-type="fig"}). These results indicated that the internalized PEI-coated PLGA (OVA) NPs (through phagocytosis) escaped from endosomes or lysosomes, entered the cytoplasm, and released antigens. The released antigen was processed by the proteasome and presented by MHC class I molecules via a classical endogenous antigen-presentation pathway. In addition, the antigens delivered into endosomes were also processed by lysosomal protease and cross-presented in an endosome or lysosome ([Figure 7](#f7-ijn-11-3753){ref-type="fig"}).[@b29-ijn-11-3753]

Conclusion
==========

In this study, we designed and developed surface charge-controlled polymer NPs as antigen carriers that could improve CD8^+^ T-cell priming via the cross-presentation pathway. PEI-coated PLGA NPs carrying a model antigen had no significant effect on cell viability or spontaneous activation, and were easily taken up by antigen-presenting cells through phagocytosis and macropinocytosis. Via endosome escape and a lysosomal processing mechanism, PEI-coated PLGA NPs induced efficient cross-presentation of an antigen on MHC class I molecules for strong antigen-specific CTL induction, which is essential for the development of an immunotherapeutic cancer vaccine. Therefore, PEI-coated PLGA NPs are expected to be useful for cancer immunotherapy as efficient antigen-delivery carriers.

Supplementary materials
=======================

###### 

Effects of PEI-coated PLGA (OVA) NPs on the maturation of DCs.

**Notes:** (**A**, **B**) DCs were stimulated with PEI-coated PLGA (OVA) NPs (20 μg/mL OVA) or LPS (1 μg/mL) for 6 hours. Expression patterns of DC-maturation markers (MHC I and CD86) were assessed by flow cytometry.

**Abbreviations:** PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; DCs, dendritic cells; LPS, lipopolysaccharide; CD, cluster of differentiation; NS, not significant.

###### 

Effect of cytochalasin D on cell viability.

**Notes:** DCs were incubated with cytochalasin D for 30 minutes, then pulsed with PEI-coated PLGA (OVA) NPs (20 μg/mL OVA) for 3 hours. Cell viability analyzed by MTS assay. Results expressed as means ± SD of three samples.

**Abbreviations:** DCs, dendritic cells; PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; MTS, methyl tetrazolium salt; NS, not significant; SD, standard deviation.

###### 

Intracellular localization of PEI-coated PLGA (OVA) NPs.

**Notes:** DCs were stained with 50 nM LysoTracker red and incubated with PLGA (OVA) or PEI-coated PLGA (OVA) NPs (20 μg/mL OVA) for 1 hour. Cells were washed twice and incubated without NPs for an additional 12 hours. Intracellular localization of OVA was determined by fluorescence microscopy. Scale bar 10 μm.

**Abbreviations:** PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; DCs, dendritic cells; DIC, differential interference contrast; FITC, fluorescein isothiocyanate.

###### 

Effects of cross-presentation of PEI-coated PLGA (OVA) NPs.

**Notes:** For the cross-presentation assay, DCs were incubated with soluble OVA (20 μg/mL), PLGA (OVA), or PEI-coated PLGA (OVA) NPs (20 μg/mL OVA) for 6 hours. Cells were stained with antimouse H-2K^b^ bound to the OVA~257--264~ peptide (clone 25-D1.16). Expression patterns of the H-2K^b^--OVA~257--264~ complex on DCs were assessed by flow cytometry. The value of each sample represent average percentage of H-2K^b^-SIINFEKL-positive cells. Graphs show means ± SD of duplicates. \*\**P*\<0.01.

**Abbreviations:** DCs, dendritic cells; PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; SD, standard deviation.
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![Schematic illustrations of the synthesis of PEI-coated PLGA NPs as antigen carriers.\
**Abbreviations:** PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles.](ijn-11-3753Fig1){#f1-ijn-11-3753}

![SEM images of (**A**) PLGA (OVA) NPs and (**B**) PEI-coated PLGA (OVA) NPs.\
**Note:** Scale bar 300 nm.\
**Abbreviations:** SEM, scanning electron microscopy; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; PEI, polyethylenimine; NPs, nanoparticles.](ijn-11-3753Fig2){#f2-ijn-11-3753}

![Effects of PEI-coated PLGA (OVA) NPs on the viability and maturation of DCs.\
**Notes:** (**A**) DCs were treated with PLGA (OVA) or PEI-coated PLGA (OVA) NPs (0--20 μg/mL OVA) for 48 hours, and cell viability was analyzed by MTS assay. Results expressed as means ± SD of three independent experiments. Values on the *x*-axis represent concentrations of OVA encapsulated in NPs. (**B**) DCs were stimulated with soluble OVA (20 μg/mL), PLGA (OVA), PEI-coated PLGA (OVA) NPs (20 μg/mL OVA), or LPS (1 μg/mL) for 6 hours. Expression patterns of DC-maturation markers (CD54 and CD80) were assessed by flow cytometry. Results expressed as means ± SD of three independent experiments. \**P*\<0.05.\
**Abbreviations:** PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; DCs, dendritic cells; MTS, methyl tetrazolium salt; LPS, lipopolysaccharide; CD, cluster of differentiation; MFI, mean fluorescence intensity; NS, not significant; SD, standard deviation.](ijn-11-3753Fig3){#f3-ijn-11-3753}

![Uptake of PEI-coated PLGA (OVA) NPs by DCs in vitro.\
**Notes:** (**A**) DCs were treated with soluble OVA (20 μg/mL with 10% FITC-OVA), PLGA (OVA), or PEI-coated PLGA (OVA) NPs (20 μg/mL OVA with 10% FITC-OVA) for 3 hours. Intracellular delivery of OVA was determined by DeltaVision PD microscopy. Upper, phase-contrast images; lower, fluorescence images; blue, nucleus; green, FITC. (**B**) DCs were treated with soluble OVA (5--20 μg/mL with 10% FITC-OVA), PLGA (OVA), or PEI-coated PLGA (OVA) NPs (5--20 μg/mL OVA with 10% FITC-OVA) for 3 hours. Fluorescence intensity was analyzed by flow cytometry. (**C**) Cells were pretreated with cytochalasin D for 30 minutes, then pulsed with PEI-coated PLGA (OVA) NPs (20 μg/mL OVA with 10% FITC-OVA) for 3 hours. Intracellular fluorescence was analyzed by flow cytometry. Results expressed as means ± SD of three independent experiments. \**P*\<0.05. The scale bar is 10 μm.\
**Abbreviations:** PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; DCs, dendritic cells; FITC, fluorescein isothiocyanate; MFI, mean fluorescence intensity; SD, standard deviation.](ijn-11-3753Fig4){#f4-ijn-11-3753}

![Intracellular localization of PEI-coated PLGA (OVA) NPs.\
**Notes:** DCs were stained with 50 nM LysoTracker red and treated with PLGA (OVA) or PEI-coated PLGA (OVA) NPs (20 μg/mL OVA with 10% FITC-OVA) for 1 hour. Cells were washed twice and incubated without NPs for an additional 12 hours. Intracellular localization of OVA was determined by fluorescence microscopy. Scale bar 10 μm.\
**Abbreviations:** PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; DCs, dendritic cells; DIC, differential interference contrast; FITC, fluorescein isothiocyanate.](ijn-11-3753Fig5){#f5-ijn-11-3753}

![Cross-presentation of PEI-coated PLGA (OVA) NPs.\
**Notes:** (**A**) For the cross-presentation assay, DCs were incubated with soluble OVA (20 μg/mL), PLGA (OVA), or PEI-coated PLGA (OVA) NPs (containing OVA at 20 μg/mL) for 6 hours. The cells were stained with antimouse H-2K^b^ bound to the OVA~257--264~ peptide (clone 25-D1.16). Expression patterns of H-2K^b^--OVA~257--264~ complex on DCs were assessed by flow cytometry. The numbers inside each dot blot represent the average percentage of 25-D1.16-positive cells. (**B**) CD8-OVA1.3 T cells (10^5^) were cocultured with DCs (5×10^4^) treated with soluble OVA (20 μg/mL), PLGA (OVA), or PEI-coated PLGA (OVA) NPs (20 μg/mL OVA) for 18 hours. The culture supernatants were collected and analyzed by ELISA to measure the levels of IL-2. (**C**) CD8-OVA1.3 T cells (10^5^) were cocultured with DCs that were pretreated with 10 μM MG-132 or 40 μM leupeptin for 1 hour before treatment with OVA peptide (5 μg/mL) or PEI-coated PLGA (OVA) NPs (20 μg/mL OVA). IL-2 levels were measured by ELISA. Graphs represent means ± SD of duplicates. PEP, OVA peptide; NPs, PEI-coated PLGA (OVA) NPs. \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; DCs, dendritic cells; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.](ijn-11-3753Fig6){#f6-ijn-11-3753}

![Schematic illustrations of the predicted mechanism of cross-presentation and CD8^+^ T-cell response induced by PEI-coated PLGA (OVA) NPs.\
**Notes:** OVA encapsulated in PEI-coated PLGA (OVA) NPs entered the DCs through phagocytosis or macropinocytosis, and then ① OVA escaped and was released from an endosome. The released OVA was processed by a proteasome and presented by MHC class I molecules. ② OVA was processed by a lysosomal protease in an endosome and cross-presented by MHC class I molecules.\
**Abbreviations:** DCs, dendritic cells; PEI, polyethylenimine; PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; MHC, major histocompatibility complex; TCR, T-cell receptor.](ijn-11-3753Fig7){#f7-ijn-11-3753}

###### 

Characterization of OVA-loaded PLGA NPs

  Sample                      NP diameter, mean ± SD (nm)[a](#tfn1-ijn-11-3753){ref-type="table-fn"}   OVA encapsulated in NPs, mean ± SD (μg/mg)[a](#tfn1-ijn-11-3753){ref-type="table-fn"}   ζ-potential, mean ± SD (mV)
  --------------------------- ------------------------------------------------------------------------ --------------------------------------------------------------------------------------- -----------------------------
  PLGA (OVA) NPs              173±67.3                                                                 32.6±3.7                                                                                −27.2±1.9
  PEI-coated PLGA (OVA) NPs   208.8±66.8                                                               41.3±5                                                                                  25.6±1.2

**Note:**

*P*\>0.1, n=3.

**Abbreviations:** PLGA, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide); OVA, ovalbumin; NPs, nanoparticles; PEI, polyethylenimine; SD, standard deviation.
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